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Abstract We examined if naturally recruited herba-
ceous vegetation in abandoned Belgian limestone
quarries tend towards plant communities analogous to
semi-natural habitats of conservation interest. We stud-
ied taxon-based assemblages (using two-dimensional
non-metric multidimensional scaling ordination) and
functional patterns (relative to Grime’s competitor,
stress tolerator and ruderal plant strategies (CSR) clas-
sification) of plant communities (n = 360 plots) among
three different time periods after quarry abandonment
(< 3 y, 3–20 y, > 20 y). We compared those succession-
al assemblages with those of habitat of conservation
interest plant communities (n = 53 plots): lowland hay
meadows and rupicolous, xerophilous and mesophilous
calcareous grasslands. Our results indicate that naturally
recruited herbaceous vegetation compositionally resem-
bled mesophilous grassland, even though initial
substrate conditions were more similar to rupicolous
or xerophilous grasslands. The specific successional
pathway we found in CSR state-space differs from
Grime's predictions because there was a functional shift
in plant assemblages from dominance by ruderals to
dominance by stress-tolerant species. The differences in
successional trajectories we found on different types of
rock substrate suggest that conservation management
should adopt a site-specific approach, recognizing that
the highest probabilities of success on hard limestone
will be restoration to calcareous grassland analogues.
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Introduction
In some cases, anthropogenic ecosystems may be con-
sidered to be analogous to (semi-)natural habitats and as
such may provide opportunities for conserving
biodiversity. Lundholm and Richardson (2010) defined
habitat analogues as ‘anthropogenic ecosystems able to
support indigenous biodiversity due to their structural or
functional resemblance to natural ecosystems, habitats,
or microsites that may be present in the region, but not
part of the historic ecosystem on a particular site’. Bio-
diversity of anthropogenic ecosystems may derive from
spontaneous vegetation development after removing or
reducing human alteration (‘passive restoration’; Prach
and delMoral 2015). Therefore, it is necessary to predict
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the potential for anthropogenic ecosystems to maintain
species compositions that are analogous to (semi-)natu-
ral habitats, particularly vegetation types that are valued
enough to receive special protection. This requires one
to examine the types of plant communities that sponta-
neously assemble in anthropogenic habitats and com-
pare those communities to communities in reference
(semi-)natural habitats.
Several studies in temperate Europe have dem-
onstrated that herbaceous plant assemblages have
developed spontaneously on surface-mined areas
after mining activities ceased (Novák and Prach
2003; Prach et al. 2013). Limestone quarries pro-
vide large areas of bare bedrock that are dry and
nutrient-poor, thus providing opportunities for
spontaneous colonization by herbaceous species
adapted to xeric and nutrient-poor conditions. Such
plants are usually associated with community types
that are of particular conservation interest (Tischew
and Kirmer 2007; Gilardelli et al. 2015).
Plant assemblages are traditionally compared at
the taxonomic level, which allows researchers to
reference a target species assemblage directly
(Duckworth et al. 2000). However, the composition
of a given species assemblage depends on the region-
al pool of available species and vagaries in local
dispersal events, which makes comparisons between
regions difficult (Woodward and Cramer 1996). In
addition, using predictions based on the taxonomic
level alone may not allow one to detect differences in
functional ecological patterns (Keddy 1992; Körner
1993). However, a functional-type analysis can also
be used to compare plant assemblages and can com-
plement a species-based approach (Walker 1992),
still allowing to compare communities that differ in
species composition (Hunt et al. 2004). A recognized
way to isolate those patterns and to answer other
ecological questions is by using predictions based
on plant functional groups, such as Grime’s compet-
itor, stress tolerator and ruderal plant strategies
(CSR) classification scheme (Diaz et al. 1992;
Keddy 1992). This CSR classification system has
been recognized as being potentially useful for quan-
tifying variation in plant traits along a (primary)
successional series and for understanding processes
attributed to species assemblages in anthropogenic
habitats (Caccianiga et al. 2006). However, the CSR
framework has rarely been used in this context (e.g.
Simonová and Lososová 2008; Lososová and
Láníková 2010). Grime (2001) interpreted data from
other authors to suggest that, in general, life strate-
gies of dominant species shift during the course of
primary succession from stress-tolerating pioneers to
more competitive strategists.
However, several studies have demonstrated that
trajectories during succession in abandoned mining
sites may vary by site (e.g. Buisson et al. 2006;
Alday et al. 2011; Prach et al. 2016). It is obvious
that assemblages of plants established in quarries is
related to many factors, including the regional pool
of available species and the type of rock that was
quarried (Horáčková et al. 2016). As a consequence,
a multi-site approach is needed to understand the
potential for abandoned mining sites to host herba-
ceous vegetation valued by conservationists and to
determine to what extent the mined areas contribute
to the preservation of (semi-)natural habitat (Prach
et al. 2014). In order to assess the regional pool of
available species, reference (semi-)natural habitats
are required. In Europe, semi-natural herbaceous
vegetation of particular conservation interest covers
a wide range of habitat types associated with a wide
range of human alterations (WallisDeVries et al.
2002). Hay meadows (Natura 2000 habitat code
6510, ‘lowland hay meadows’ in the EU Habitats
Directive 92/43/EEC – European Community 1992)
originated from repeated mowing (Piqueray et al.
2016). Dry calcareous grasslands, including xeroph-
ilous to mesophilous assemblages (6110, ‘rupicolous
calcareous grasslands’; 6210 pro partim, ‘xerophi-
lous calcareous grasslands’ and 6210 pro partim,
‘mesophilous calcareous grasslands’), emanated
from traditional, agro-pastoral practices, primarily
sheep herding (Piqueray et al. 2011).
In this study, we address three basic questions related
to succession on limestone bedrock. (1) What is the
taxon-based direction of spontaneous, primary succes-
sion of vegetation on limestone bedrock of abandoned
quarries? That is, does succession tend towards a species
assemblage analogous to a habitat of that is typical of
xeric conditions (a specific Natura 2000 habitat of inter-
est)? (2) Does the functional successional pathway
from bare ground follow that predicted by Grime’s
CSR theory (Grime 2001)? And, (3) from a taxo-
nomic and functional perspective, do the trajecto-
ries of species assemblages on different types of
limestone rocks and associated with different spe-
cies pools follow the same trajectory?
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Material and methods
Study sites
This study was conducted in southern Belgium (Fig. 1).
The studied abandoned quarries ranged in elevation
from 107 to 255 m a.s.l. (Table 1). The distance between
the northernmost and the southernmost sites was circa
80 km and the distance between the easternmost and
westernmost sites was circa 100 km. Quarry size ranged
from 7 to 125 ha. The history of each quarry was
reconstructed from records kept by the mining company
that had managed the site. Sites were selected for study
if they met the following criteria: (1) the time
since abandonment could be determined; (2) there
existed a sufficiently large, spontaneously herbaceous
revegetated area; (3) the site began as barren (lacking
soil), stony-calcareous ground created by mining activ-
ities, i.e. the mined area was scraped or hard limestone
raw materials dumped there, without any evidence of
additional human alteration, so that the site was deemed
as being entirely revegetated via primary succession;
and (4) vegetation was not actively managed or rehabil-
itated after quarry abandonment.
A total of six sites were surveyed during the 2014
growing season. The six studied sites involved either a
sole quarry or a group of quarries located in the same
limestone formation and ecological landscape (Table 1).
Each of the six study locations was comprised of one of
three types of limestone: hard limestone (Middle Car-
boniferous or Middle Devonian limestone), white chalk
(Upper Cretaceous limestone), or dolomite (Upper De-
vonian limestone) (Dejonghe 2006). Known surfaces of
semi-natural herbaceous vegetation of conservation in-
terest (lowland hay meadow and dry calcareous grass-
lands) within a 5-km radius of the quarries of a site were
extracted from the map of Natura 2000 sites in Belgium
(Service public de Wallonie 2012) (Table 1).
Field data collection
We used a space-for-time approach to examine a variety
of time intervals since quarry abandonment (0–30 years)
to investigate the time period needed for primary suc-
cession toward grasslands (via natural recruitment) in
temperate regions (Prach 2003; Prach et al. 2013). This
space-for-time approach enabled us to identify changes
in species composition and functional patterns resulting
Fig. 1 Location of the 18 subsites sampled in southern Belgium (n = 360); time intervals after quarry abandonment (by site): 1, < 3 y (Q1);
2, 3–20 y (Q2); and 3, > 20 y (Q3). Symbols: black – hard limestone, white – chalk and dolomite sites
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from primary succession (Pickett 1989). At each site, we
selected three subsites, each representing a different
time interval since quarry abandonment (total of 18
subsites): < 3 y (hereafter referred to as quarry stage
Q1); 3–20 y (Q2); > 20 y (Q3). The main characteristics
of the studied subsites are summarized in Table 1. For
each of the 18 subsites, 20 square plots (1-m2) were
randomly selected (n = 360 quarry plots). The percent
cover of all higher plant species was visually estimated
at each plot (sensu Kent and Coker 1992). Taxonomic
nomenclature followed Lambinon et al. (2004).
Reference data collection
Reference data (representing plant communities of
Natura 2000 herbaceous habitats) were obtained from
phytosociological relevés previously analysed for the
four target vegetation types with conservation value:
(1) rupicolous grassland (habitat code 6110) sampled
by Piqueray et al. (2007) in 15 1-m2 square plots, (2)
xerophilous grassland (6210 pro partim) sampled by
Piqueray et al. (2008) in 15 1-m2 square plots, (3)
mesophilous grassland (6210 pro partim) sampled by
Piqueray et al. (2007) in 15 1-m2 square plots (in veg-
etation cover types 1 and 3), and (4) hay meadow (6510)
sampled by Piqueray et al. (2016) in eight 1-m radius
circular plots.
Data analysis
Prior to data analysis, cover data for all species were
transformed into ordinal coefficients, using the van der
Maarel scale to make all the databases comparable
(Jongman et al. 1995). Analyses were performed using R
statistical software (RDevelopment Core and Team 2010).
An analysis of variance, followed by post hoc
pairwise comparisons (‘TukeyHSD’ in R), were used
to test for mean species richness/m2 differences among
stages Q1, Q2, Q3 plots and reference plots. To order the
taxonomic variation, a two-dimensional non-metric
multidimensional scaling (NMDS) ordination (Shepard
1962; Kruskal 1964; McCune et al. 2002), was run on
the Bray-Curtis similarity matrix with all plots (for
quarry plots, n = 360 and for reference plots, n = 53),
using the ‘vegan’ package (Oksanen et al. 2017). Joint-
plot vectors (hereafter referred to as spiders) and cen-
troids were overlaid onto the ordination using the
‘ordispider’ command to allow for a better visualization
of relationships among plant assemblages. In order to
determine the species that correlated most with the axes
of NMDS, a Pearson correlation was calculated for each
species using the ‘cor’ command. (We inspected species
presenting more than 30% correlation in the ordination.)
Statistical differences between plant assemblages were
tested using a pairwise analysis of similarities
(ANOSIM), using the ‘anosim’ command (Clarke
1993). Between-group distance was compared by eval-
uating the centroid distances of each plant assemblages
in the ordination (NMDS inter-group distance). Within-
group variation (scattered in the NMDS spider plot) was
evaluated by comparing the mean of maximum plot
dispersion along axes 1 and 2 of the ordination, i.e.
NMDS intra-group distances.
Information on CSR values of sampled species was
extracted from a CSR electronic spreadsheet that iden-
tified CSR types for 1,000 European species (Hodgson
et al. 1999). If the species was not present in that
spreadsheet, the BiolFlor database (Klotz et al. 2002)
was used. All 413 CSR positions for vegetation plots
(quarry plots, n = 360 and reference plots, n = 53) were
calculated from percent cover data for all the species in
each plot, using the spreadsheet-based tools from
Hunt et al. (2004). In order to compare those 413
CSR signatures, they were plotted in a CSR triangle
by using the ‘compositions’ package of van den
Boogaart et al. (2013). In this triangle, spiders and
centroids were overlaid using the ‘ordispider’ com-
mand to allow for a better visualisation of functional
relationships between all assemblages.
Results
Taxonomic variation
A total of 156 plant species were recorded in the 360
quarry plots. A similar number of species was identified
from each of the three quarry successional stages (n =
120 plots/successional stage; stage Q1: 101 species, Q2:
107 species, Q3: 105 species). Mean species richness/
m2 was significantly lower in stage Q1 (< 3 y), but
similar among stages Q2 (3–20 y) and Q3 (> 20 y; F =
20.2, P < 0.001; Table 2). The mean species richness/m2
in Q1 was similar to that of xerophilous and rupicolous
grassland reference habitats, while, the mean species
richness/m2 in Q2 and Q3 were similar to rupicolous
and mesophilous grasslands reference habitats, respec-
tively (F = 16.51, P < 0.001; Table 2). Species richness/
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m2 in hay meadow reference habitat could not be con-
sidered in the analysis as their sampled area was not
comparable. Stages Q1, Q2 and Q3 had 12% of their
species in common, but the highest percentage of shared
species occurred between stages Q1 and Q2 (37%;
Table 2). Overall, the percentage of shared species be-
tween quarry stages and reference habitats remained
lower than among quarry stages (Table 2). Quarry stage
Q2 shared the most species with the hay meadows
reference habitat, and quarry stage Q3 shared the most
species with the mesophilous grasslands (Table 2).
All quarry stages and reference habitat species assem-
blages differed significantly from one another (pairwise
ANOSIM tests, allP < 0.001). NMDS analysis found that
the hay meadow reference assemblage was more differ-
entiated from other reference species assemblages (Fig. 2,
Table 2). The species assemblage in quarry stage Q1 was
more heterogeneous than any of the other quarry stages
and reference habitats, as demonstrated by the longer
extension of the spider plot (Fig. 2a) and the higher
NMDS intra-group distance for this stage class
(Table 2). Quarry stage Q1 also separated from
Table 2 Mean species richness/m2 of plant assemblage in quarry plots (n = 360) and reference plots (n = 53) with standard error terms,
percentage of shared species between groups and NMDS inter- and intra-group distance
Group Species richness/m² NMDS intra-group distance
Q1 11.4 ± 0.5 6.05
Q2 14.0 ± 0.3 1.75
Q3 15.1 ± 0.5 2.40
Hm 23.4 ± 2.0 1.33
Mg 18.5 ± 1.3 1.92
Rg 13.2 ± 0.8 1.25
Xg 11.3 ± 0.5 1.01
Groups comparisons Shared species [%] NMDS inter-group distance
Q1 - Q2 37 0.80
Q1 - Q3 34 0.86
Q2 - Q3 34 0.34
Mg - Rg 16 0.38
Mg - Xg 19 0.65
Rg - Xg 21 0.36
Hm - Mg 21 1.13
Hm - Rg 5 1.51
Hm - Xg 9 1.71
Q1 - Hm 14 1.25
Q2 - Hm 20 0.54
Q3 - Hm 19 0.82
Q1 - Mg 17 1.60
Q2 - Mg 19 0.96
Q3 - Mg 22 0.74
Q1 - Rg 15 1.89
Q2 - Rg 16 1.32
Q3 - Rg 16 1.06
Q1 - Xg 11 2.23
Q2 - Xg 12 1.61
Q3 - Xg 14 1.39
Time intervals after quarry abandonment: Q1, < 3 y; Q2, 3–20 y and Q3, > 20 y. Abbreviations for reference plots (n = 53): Hm – hay
meadow, Mg – mesophilous grassland, Rg – rupicolous grassland and Xg – xerophilous grassland)
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the other quarry stages and reference habitats in the
ordination diagram (Fig. 2a) and displayed higher
NMDS inter-group distances with Q2 and Q3
(Table 2) whereas the species assemblages of quarry
stages Q2 and Q3 displayed considerable overlap
(Fig. 2a) and lower NMDS inter-group distance
(Table 2). Quarry stage Q2 and Q3 were more similar
to reference habitats than Q1, as indicated by the
positions of the centroid of spider plots in Fig. 2a
and the lower NMDS intra-group distance (Fig. 2a)
when compared to references habitats (Table 2). Stage
Q2 was very similar compositionally to the hay
meadow type, whereas the stage Q3 species assem-
blage was intermediate in species composition be-
tween hay meadow and the mesophilous grassland
reference types (Fig. 2a, Table 2).
Functional variation
The CSR analysis clearly distinguished the hay meadow
type from the other reference plant communities
(mesophilous, xerophilous or rupicolous grasslands),
particularly relative to the more stress-tolerant species
assemblage (Fig. 3). Plant assemblages naturally
established in abandoned quarries (quarry plots, n =
360) were more similar to hay meadows than to other
reference habitats, regardless of the life stage considered
(stages Q1, Q2 or Q3; Fig. 3a). Plant assemblages
initially established on bare ground of abandoned
quarries (stage Q1) were comprised of species between
R/CSR and CR/CSR in CSR life strategies (Table 3),
with a large variability among assemblages (Fig. 3a).
Overall, the C and S components of plant communities
Fig. 2 NMDS ordination
diagram of plant assemblages in
quarry plots (n = 360) and
reference plots (n = 53; Hm, hay
meadows; Mg, mesophilous
grasslands; Rg, rupicolous
grasslands; and Xg, xerophilous
grasslands). Squares represent
centroids of quarry stages and
reference habitats. a Time
intervals after quarry
abandonment: Q1, < 3 y; Q2, 3–
20 y; and Q3, > 20 y. The end of
the lines represents the ordination
position of vegetation plots. b
Species with greater than 30%
correlation with the axes of the
NMDS are pointed.
Abbreviations of species names
are denoted by the first four letters
of the generic name and the first
four of the specific epithet (for
complete names, see the
Appendix). c Lines indicate
trajectories, by site. Sites are
indicated by different symbols
(black – hard limestone sites,
white – white chalk and dolomite
sites). Numbers indicate the time
intervals after quarry abandonment
(by site): 1, < 3 y (Q1); 2, 3–20 y
(Q2); and 3, > 20 y (Q3)
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tended to increase in abundance from quarry stage Q1 to
stage Q3 (Fig. 3a), but strict S strategists displayed the
highest increase in abundance (Table 3). In contrast, the
increase in species with the C strategywasmainly due to
increases in intermediate strategies with S strategists
(SC, CSR, S/CSR, SC/CSR; Table 3). This means that
over time species assemblages became functionally
more similar to stress-tolerant, calcareous grasslands
(xerophilous, rupicolous or mesophilous grasslands).
In addition, quarry stage Q1 displayed a higher hetero-
geneity in functional strategies of its species assem-
blages than quarry stages Q2 or Q3 (Fig. 3a).
Site trajectories
While altogether the pattern of samples in the or-
dination followed a temporal (successional) se-
quence towards mesophilous grasslands, our more
Fig. 3 CSR signatures of plant
assemblages quarry plots (n =
360) and reference plots (n = 53;
Hm, hay meadows; Mg,
mesophilous grasslands; Rg,
rupicolous grasslands; and Xg,
xerophilous grasslands). Squares
represent centroids of quarry
stages and reference habitats. a
Time intervals after quarry
abandonment: Q1, < 3 y; Q2, 3–
20 y; and Q3, > 20 y. The end of
the lines represents the position of
vegetation plots. b Lines indicate
trajectories, by site. Sites are
indicated by different symbols
(black = hard limestone sites,
white = white chalk and dolomite
sites). Numbers indicate the time
intervals after quarry abandonment
(by site): 1, < 3 y (Q1); 2, 3–20 y
(Q2); and 3, > 20 y (Q3)
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detailed, site-by-site examination indicated a more
compositionally and functionally complex pattern
(Figs. 2c, 3b). High compositional heterogeneity in
quarry stage Q1 arose mainly from a single site
(Hermeton) where barren ground was colonized by
Betula pubescens seedlings. By contrast, other sites
were much more similar in their colonizing species
assemblages, mostly characterized by pioneering ruder-
al species, i.e. Tussilago farfara, Artemisia vulgaris,
Sonchus oleraceus and Conyza canadensis (Fig. 2b,c).
On a site-basis, quarry stage Q2 and/or stage Q3 were
more compositionally similar to hay meadow or
mesophilous grassland habitats, with two groups of
sites separating on the ordination. (1) In the Hermeton
and Lower Meuse sites, plant assemblages were more
similar to hay meadow types by stages Q2 and Q3;
these two sites were composed of soils formed from
white chalk and dolomite. (2) In the other sites, species
compositions of stage Q3 sites tended to be more
similar to mesophilous grassland, while stage Q2 sites
were more heterogeneous (Fig. 2c); the soils of those
latter sites were formed from hard limestone.
The functional trajectories of individual sites differed
slightly in their compositional patterns relative to refer-
ence sites (Fig. 3b). However, the contrast between
white chalk and dolomite sites with hard limestone
was less pronounced in the CSR space. In the white
chalk and dolomite sites, functional plant assemblages
were more similar to hay meadow sites in quarry stages
Q2 and Q3 (except for quarry stage Q3 in Hermeton). In
hard limestone sites, quarry stage Q3 tended to be more
functionally similar to mesophilous grassland, while
quarry stage Q2 was more heterogeneous across sites
(Fig. 3b), except for quarry stage Q3 in Sambre.
Discussion
Examining changes over time between taxon-based
assemblages and diverse functional patterns allows
researchers to answer general theoretical questions
about successional development in limestone quarries
after mining activities cease (Walker and del Moral
2003). Comparing developmental trajectories of plant
communities relative to natural reference communi-
ties provides a practical framework for examining
natural recovery of plant communities in abandoned
mines (Walker et al. 2007). Our study suggests that
herbaceous plant assemblages that develop spontane-
ously on bare ground in abandoned limestone quarries
in southern Belgium tend to succeed toward ana-
logues to semi-natural plant communities that are
recognized as having high conservation value. Sever-
al studies in temperate Europe have established that in
abandoned surface quarries a period of 20 years is
usually long enough for plant assemblages to develop
a composition that is similar to natural or semi-natural
herbaceous plant communities (Novák and Prach
2003; Prach et al. 2013). Results of our study support
the general observation that woody species do not
usually re-establish on dry and rocky substrate of
abandoned quarry sites (Prach 1987; Novák and
Prach 2003; Prach et al. 2013). However, one of the
subsites studied (stage Q1 of Hermeton site) was
colonized by Betula pubescens seedlings.
Table 3 Relative importance of CSR strategies of plant assem-
blage in quarry plots (n = 360), according to successional stage
after quarry abandonment
Q1 Q2 Q3
N of plots 120 120 120
N of species 101 107 105
CSR plant strategy
C 5.2 3 4.1
S 1.3 5.4 11
R 4.9 2.1 1.3
CR 10.5 5.7 1.8
SR 11.2 6.2 9.9
SC 1.2 2 4
CSR 9.2 13.4 15.1
C/CR 2.6 0.4 0
C/SC 1.9 1.3 1
R/CR 7.8 2.5 0.8
R/SR 7.8 6.5 3.2
S/SR 1.6 2.8 2.1
S/SC 0 0 0
S/CSR 8.1 16.1 13
R/CSR 11.9 7.9 9.5
C/CSR 1 5.3 2.8
SC/CSR 1.6 4.2 5.2
SR/CSR 6.4 5.8 4.5
CR/CSR 5.9 9.3 10.7
Time intervals after quarry abandonment: Q1, < 3 y; Q2, 3–20 y
and Q3, > 20 y. Values are percent frequencies
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Both taxon-based and functional analyses showed
changes in plant assemblages over time (since quarry
abandonment), particularly between the youngest colo-
nizing stage (Q1, < 3 y old) and more mature stages.
However, the similarity between the two mature stages
(Q2, 3–20 y and Q3, > 20 y) was even more pro-
nounced. In addition, species assemblages tended also
to be more homogeneous in the older stages (Q2, Q3)
both from a compositional and functional perspective,
which is in agreement with findings of Saar et al. (2017).
Based on CSR theory and the initial substrate
conditions we encountered at our sites, we did not
expect to observe the changes we observed in species
assemblages over time. Based on a literature review,
Grime (2001) suggested that, in the simplest cases, plant
life strategies shift during primary succession from
stress-tolerant pioneer species to more competitive spe-
cies. This hypothesis has been disputed by those who
have found a different pattern of primary succession at
glacier retreat fronts (Caccianiga et al. 2006) and on land
along uplift coasts (Ecke and Rydin 2000). We also
observed a succession pattern in abandoned limestone
quarries that differed from Grime’s predictions in that
we found that initial plant assemblages were comprised
of species adapted to life strategies between R/CSR and
CR/CSR, with more stress tolerant strategists dominat-
ing later successional stages. The initial successional
stage was also compositionally dominated by species
typically considered to be ruderal species. In this devel-
opmental sequence, a large number of species initially
colonized the limestone bedrock, among which ruderal
plants were relatively more important, but then the
ruderal species tended to be replaced by stress-tolerant
species as the sites matured. This successional
sequence mimics that observed during primary
succession along glacial fronts, wherein pioneer
plant assemblages are comprised of species with
strong ruderal characteristics, which then are re-
placed by more stress-tolerant species later in the
successional process (Caccianiga et al. 2006).
Surprisingly, although the initial substrate conditions
in our study sites were more similar to those of
rupicolous and xerophilous grasslands (Piqueray et al.
2007), natural recruitment tended toward plant assem-
blages that were compositionally more similar to hay
meadow or mesophilous grassland habitat that occur on
deeper soils. Two explanations are possible for these
observations. For one, environmental conditions on
abandoned limestone sites may be more favourable for
colonization by mesophilous species than predicted by
the apparent xeric and harsh conditions of the bedrock.
The effect of environmental factors is indirectly sup-
ported by the differences in species assemblages we
found on different geologic substrates, i.e. plant assem-
blages developing on white chalk and dolomite were
similar to natural hay meadows in latter successional
stages. Likewise, an increase over time in S-strategy
species on hard limestone suggests that successional
plant assemblages on limestone are becoming more
similar to stress-tolerant grasslands.
The other explanation for our assemblages
succeeding toward hay meadow and mesophilous grass-
land is that colonization by species typical for dry cal-
careous grassland habitats (rupicolous, xerophilous and
partially mesophilous species) may be limited by the
occurrence of species in the landscape and their specific
dispersal capacities. Generalist mesophilous species
(typical of hay meadows) are likely to be more common
in the human influenced landscape of the studied region.
In parallel, with the exception of a few anemochorous
species, most species of dry calcareous grasslands have
low dispersal abilities and are mainly dispersed by sheep
in pasture systems (Piqueray et al. 2011), while none of
our study sites had been grazed. Kirmer et al. (2008)
demonstrated that dispersal was a major limitation to
colonization of restored sites.
In answer to our main three questions, our study
results support three conclusions related to primary suc-
cession in limestone quarries: (1) Naturally recruited
herbaceous vegetation compositionally resembles
mesophilous communities, although substrate condi-
tions are more similar to rupicolous or xerophilous
grasslands, probably as a consequence of dispersal lim-
itations. (2) The specific successional pathway found in
the CSR state-space differs from Grime's predic-
tions in that there was a functional shift in plant
assemblages from dominance by ruderals to dom-
inance by stress-tolerant species. (3) Different suc-
cessional pathways develop on different types of
rocks in abandoned quarries.
Implication for conservation
It is widely accepted that one major determinant of the
success of any restoration programme is the choice of an
appropriate reference ecosystem (Holl and Cairns
2002). Our results indicate that, depending on specific,
C. Pitz et al.
initial site conditions, species compositions of succes-
sional trajectories on abandoned limestone quarries vary
between mesophilous calcareous grasslands and hay
meadows. On abandoned sites where plant assemblages
tend to naturally succeed toward mesophilous calcare-
ous grassland, active intervention could be directed to
promote species assemblages analogous to species-rich
temperate grasslands, which have a particular high con-
servation value (WallisDeVries et al. 2002). Restora-
tions will need to overcome dispersal limitations (i) by
integrating the restoration sites into local grazing sys-
tems, including semi-natural references habitats (Pykälä
2005), (ii) by directly planting (sowing seeds) species of
interest at restoration sites (Hedberg and Kotowski
2010), (iii) or by transferring grassland hay (with intact
seeds) to the restoration sites (Török et al. 2011).
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Appendix 1
List of full species names used in Fig. 2b: Betula
pubescens Ehrh., Lotus corniculatus L., Bromus erectus
Huds., Tussilago farfara L., Daucus carota L., Festuca
lemanii Bast., Potentilla neumanniana Reichenb.,
Medicago lupulina L., Plantago lanceolata L.,
Taraxacum sp., Sanguisorba minor Scop., Conyza
canadensis (L.) Cronq., Poa trivialis L., Picris
hieracioides L., Hippocrepis comosa L., Sonchus
oleraceus L., Sedum album L., Thlaspi perfoliatum L.,
Artemisia vulgaris L., Helianthemum nummularium
(L.) Mill., Festuca rubra L., Crepis capillaris (L.)
Wallr., Seseli libanotis (L.) Koch.
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